The use of the creatine kinase-luciferase (CK-L) coupled reaction for porcine blood CK determination was studied. Adenosine triphosphate produced by CK is reacted with firefly L light-producing system. The method permits determination of CK in blood as opposed to traditional methods which require plasma or serum. The luciferase procedure was applied to nine barrows each of purebred Pietrain and 
INTRODUCTION
Several studies have reported that activity of non-plasma-specific enzymes in serum or plasma may be useful in screening pigs for stresssusceptibility (Addis and Kallweit, 1969; Schmidt et al., 1971; Addis et al., 1974; Beermann et al., 1975) . Recently, Elizondo et al. (1977b) reported that the luciferase method of creatine kinase (CK) determination (Antonik, 1977) can be used to identify living pigs with a propensity toward rapid muscle glycolytic rates. The Antonik (1977) bioluminescence method is unique in that the assay can be performed on a dried, whole blood sample. However, some reports of CK activity determined by luciferase (Witteveen et al., 1974; Zellweger and Antonik, 1975; Elizondo et al., 1977b) expressed CK activity in terms of "light units". This makes it difficult to compare to studies which used standard methods and expressed results as international units (IU). This paper reports the detailed methodology of luciferase determination of porcine blood CK, including expression of CK activity, as determined by luciferase (L), in terms of IU of the Rosalki procedure; the relevant literature relating blood CK to stress-susceptibility; and a comparison between two selected breed groups for blood CK, quantitative carcass traits and postmortem muscle properties.
EXPERIMENTAL PROCEDURE
Collection of Blood Samples. Samples were obtained from an ear lance (Addis et al., 1974) by collecting drops of blood onto phenylketonuria (PKU) cards (Schleicher & Scheull No. 903) and allowing the spots to air-dry in darkness (Hwang, 1976) . Studies have shown that method variability is affected by distribution of erythrocytes in the spot (unpublisbed data). Therefore, three precautions were observed: (1) spots were used only if blood drop 1015 completely penetrated card; (2) more than one drop of blood at a single spot location was avoided; and (3) collection of blood spot on periphery of card was avoided. The use of ear lance blood is supported by the research of Bodesteincr and Zellweger (1970) who have demonstrated that in infants capillary and venous blood gave similar results consistently with respect to CK value.
Experimental Animals and Procedure. The pigs used were nine barrows each of Pietrain and Yorkshire (Y)-Minnesota No. 1 (M)-Pietrain (P) breeding designated Y• M(P• using symbolism reported by Elizondo et al. (1977b) . Crossbred pigs resulted from mating Yorkshire males to M(P• M) females. Elizondo et al. (1976; 1977a,b) and Hwang (1976) have characterized Pietrain, Yorkshire and Minnesota No. 1 pigs as extremely lean, moderately Ican and relatively fat, respectively. Incidences of halothane sensitivity (Eikelenboom and Minkema, 1974) have bcen noted to be 88% in Pietrain and zero percent in Yorkshire (Hwang, 1976) and Minn. No. 1 (unpublished data) .
It has been suggested that the CK test for stress susceptibility is more accurate if animals are subjected to stress prior to blood sample collection (Elizondo et al., 1977b) . Physiological relationships that occur among stress, muscle glycolysis and efflux of muscle enzymes into the circulation have becn reviewed (Addis et al., 1974; Addis, 1969 ). It appears that heat stress (Addis et al., 1974) and exercise (tlwang, 1976) are useful in causing CK efflux and that for greatest accuracy blood should be sampled approximatcly 8 hr after stress (Maxwell et al., 1976; Addis et al., 1976) .
At approximately 50 kg live weight, animals were exercised by subjecting them to an 80-m run in center alley of barn. Blood spots were collected as described earlier after a period of 8 hours. Blood spot CK was determincd by L procedure within 36 hr after sampling.
At approximately 83 kg live weight, pigs were transported from experimental farm to campus (40 km). The second blood spot was collected on the same day, 5 hr after transportation. Due to time of transportation the sample was, in fact, obtained about 7 hr after start of transportation stress. Pigs were rested overnight, provided with water but no feed, and sacrificed (Aberle et al., 1976) . Before being dispatched, pigs were restrained for 2 rain and the third ear blood sample collected. Based on earlier studies on sampling time (Addis et al., 1976; Maxwell et al., 1976; Elizondo et al., 1977b) for blood CK determination, it is extremely unlikely that any stressors in the immediate antemortem period had a significant effect on levels of CK. Blood was obtained from carotid artery and jugular vein (at exsanguination) following electrical stunning. The first 500 ml blood was discarded in an attempt to eliminate direct muscle CK contamination (Allen and Patterson, 1971) . Immediately after collection, a few drops of blood were spotted on a PKU card (fourth sample). Collected blood was also kept on ice until clotting was completed and serum prepared by centrifugation at 1,000 x g for 30 rain at 4 C for total CK determination.
Transverse sections of longissimus and trapezius muscles were removed from carcasses to determine 20-min postmortem pH (using a surface probe electrode) and threshold response and duration of electrical stimulation (Ma et al., 1971) . Frequency of stimulation was 2/sec with a duration of.1 msec.
Carcasses were chillcd at 2 C for 24 hours. Color, morphology and marbling evaluations were pcrformcd on an exposed area of longissimus muscle between the lOth and llth rib according to the 5-point Wisconsin method. Two trained persons made the evaluations independently and their evaluations were averaged.
Measure,. ent of CK. Reagents used in the CK-L procedure, kinetics of CK-L coupled reaction and photometer used in light intensity measurement have been described (Hwang, 1976) .
The bioluminescence procedure entails coupling adenosine triphosphate (ATP) produced by CK to the luciferase-luciferin reaction: luciferase ATP + lucifcrin j, 1t20 + PP + AMP Mg ++, 02 + light + oxyluciferin where PP=pyrophosphate and AMP=adenosine monophosphate. Quantum yield of reaction is .88 (DeLuca, 1976) . CK activity in both serum and dried blood was determined. For serum, assay procedure was the same as that reported by Hwang (1976) . For dried blood samples, reagents A and B (Hwang, 1976) were reconstituted with deionized water into 3.0 ml and 2.0 ml, respectively. A disc (3.2 mm diameter) was punched from blood spot and to it 200 /~1 reconstituted reagent A were added. Sample was then incubated in the dark at 21 C for 20 hr to extract CK from disc and to permit intracellular (erythrocyte) and extracellular ATP to be consumed by luciferase. Samples were vortexed at 30 and 60 min after addition of reagent A. The need for 20-hr preincubation was due to the high ATP content of blood. Hwang (1976) noted that a 6-hr preincubation period was sufficient for skeletal muscle extract CK determination. Figure 1 shows a typical curve of light intensity as a function of time during this pre-incubation period. Light emission still observed at the end of pre-incubation was evidence of adenylic kinase (AK) activity (Witteveen et al., 1974) , and the difference in the light emission (~ vs t3 in figure 1) was apparently due to a difference in AK activity which, in turn, could reflect variation in hematocrit. This background light emission was subtracted, although it never reached levels high enough to interfere with assay. An important facet of CK determination is inhibition of AK by AMP. In the Rosalki (1967) procedure, AK inhibition is accomplished by product inhibition with added AMP. In the present method, no AMP is added but some occurs naturally in crude extract of firefly lantern (DeLuca, 1976 
TIME (hours) Figure 1 . Background light emission as a function of preincubation time. Upper limit of blood sample is represented by sample c*, lower limit by sample/3. down ATP to AMP. Thus, pre-incubation serves a dual function: to remove ATP and to inhibit AK. Because erythrocytes are high in both ATP and AK and skeletal muscle relatively low in both (compared to erythrocytes), a 20-hr preincubation period is required for blood, whereas for muscle only a 6-hr preincubation is necessary. After pre-incubation, 50/al reagent B (creatine phosphate) were added to sample disc, vortexed 5 sec and light intensity measured exactly 3 min after addition of reagent B. A blank disc was also run, punched from a PKU card after spotting with a mixture containing an equal volume of heat-inactivated serum and serum-free erythrocytes. Serum-free erythrocytes were obtained by saline-washing heparinized, sedimented blood three times. Heat-inactivated serum was obtained by centrifuging pooled serum which was inactivated by heating at 60 C for 30 minutes. Net light emission was calculated by subtracting blank and background light emissions from that of the sample, i.e., net LE = sample LE -blank LE -background LE, where "LE" = light emission. Net LE was then referred to the reference curve for serum to express CK activity of dried blood as IU/1 of blood. Since the reference curve of serum was prepared on a 50 /al sample size and a disc of blood with 3.2 mm diameter was determined to have only 5 /al of blood, the blood CK value was multiplied by 10. This assumes there was no activator or inhibitor of CK or L present in blood. In fact, the calculated whole blood CK level, based on this assumption, was observed to be considerably less than the true value (compare carotid blood and carotid serum in table 2). The observed difference in light intensity between whole blood and serum prepared from the same whole blood may have been due to differences in AMP accumulation or light intensity quenching by erythrocytes. Luciferase is strongly inhibited by its product, AMP (DeLuca, 1976 ). An experiment was conducted to study quenching. When serum-free erythrocytes are added to a serum of known CK activity, a significant quenching effect is observed (table 1). The degree of light quenching due to erythrocytes is relatively independent of the amount of erythrocytes added if ratio of serum-free erythrocytes to serum exceeds 1:5 (in table 1 expressed as 4:1:5 ratio of inactivated serum to serum-free erythrocytes to serum). However, some unexplained variation occurs from sample to sample (serum-free erythrocytes: serum >1:5) and ranges from approxi- aThe volume ratio of inactivated serum to serum-free erythrocytes to serum.
bThe light intensity was measured at 3 min after addition of creatine phosphate.
mately 71 to 78%. Therefore, light intensity is reduced by the erythrocyte quenching effect, although a precise mathematical conversion factor relating CK activity in blood to that in serum prepared from the same blood cannot be obtained from these data. Nevertheless, the results suggest that variations observed in blood hematocrit (49 to 53%) between stress susceptible and stress resistant pigs (Elizondo et al., 1977a) would not cause serious variation in blood CK assay due to quenching effects. Furthermore, quenching and unexplained variation associated with it (tables 1 and 2) did not interfere with overall assay accuracy. A highly significant correlation coefficient between carotid serum CK and carotid blood CK was demonstrated (table 3) . Furthermore, the reference curve for serum was established on the fact that the correlation coefficient between Rosalki and luciferase methods was .995 and the linear regression R 2 was .989 (Hwang, 1976) . Coefficient of deviation of the bioluminescence CK procedure for blood CK determination was 2.73% within a blood spot (N = 20) and 3.93% between spots (N = 60). These data demonstrated that coefficient of deviation of this method was comparable to the Rosalki (1967) method which was 2.35% (N = 50), obtained on a within-sample basis in this laboratory.
Statistical Analysis. Breed group differences
were analyzed by analysis of variance; agreement between variables were studied by calculating simple linear correlation coefficients (Steel and Torrie, 1960) . 
RESULTS AND DISCUSSION
Significant differences were noted between Pietrain and YXM(P• pigs for circulatory levels of CK following transportation stress and on serum obtained at exsanguination, but not at other sampling times (table 2) . Pietrain pigs exceeded Y•215 pigs for all five CK determinations. Elizondo et al. (1977b) demonstrated that Pietrain pigs exhibited greater CK elevation in blood during stress than Minn. No. 1 pigs, but expressed CK levels as "light units" instead of IU. Heffron and Mitchell (1975) studied control and malignant hyperthermia susceptible German Landrace pigs and noted differences (P<.01) in blood CK levels at 11 and 28 weeks of age but not at 15, 19 and 23 weeks of age. In the present study, the first sample was obtained at 50 kg live weight which coincides with approximately 17 to 19 weeks of age. Both samples which did give significant breed differences were obtained at 83 kg live weight or about 28 weeks of age. Thus, this result is in close agreement with the age of pigs where Heffron and Mitchell (1975) found significant differences. However, Heffron and Mitchell (1975) did not specify the anatomical location from which the pigs were sampled nor the amount of stress inflicted, important factors in screening (Addis et al., 1974; Elizondo et al., 1977b) .
Higher CK values for serum over whole blood (table 2) reflect the depressing effect on light emission by AMP and/or erythrocytes (see procedure section). Further studies would be needed to determine the mechanism of quenching. The fact that in Pietrain pigs, carotid blood postmortem was higher in CK than ear blood, taken only a few seconds earlier, may reflect muscle contamination (Allen and Patterson, 1971) , the effects of electrical immobilization or some other unknown factor or combination of factors. Elizondo et al. (1976; 1977a,b) used a logarithm transformation to normalize distribution of blood CK activity values. This was not necessary in this study because there was no marked and consistent trend for standard deviations to increase in direct proportion to size of the means.
Studies of interrelationships among CK activity levels of various blood samples revealed several significant correlations (table 3) . ttighly significant correlation coefficients between carotid blood CK and carotid serum CK were observed: r = .93 within Pietrain and r = .99 within Y• M(P• M). The same relationship was studied in 41 pigs by Madero (1975) ; however, the value reported was r = .71 (P<.01). The difference in the time at which light intensity was measured might explain the higher correlation coefficient in the present study. Light intensity was measured at 3 min after creatine phosphate addition in the present study and at 60 min by Madero (1975) . Hwang (1976) noted that activity in a sample with high CK was likely to be underestimated when light emission was measured 60 min after creatine phosphate addition. The variation of luciferase activity in reagent A, which Madero (1975) used, is another possible reason for the low correlation coefficient between the firefly and Rosalki assays (Hwang, 1976) . The difference between correlation coefficients in the studies also implies that the time lag between blood sampling and laboratory assay may have influenced results since assays of serum and blood were conducted within 24 hr in the present study; in the work of Madero (1975) sera were assayed 7 to 14 days before blood spot samples. Data for postmortem muscle pH and electrical stimulation (table 4) suggest that Pietrain pigs were more stress-susceptible than YXM(PxM) animals. Pietrain pigs exhibited more rapid glycolytic rates at 20 min postmortem for both longissimus (P<:.O1) and trapezius (P<.05) muscles. The finding of an extremely rapid postmortem muscle glycolytic rate in Pietrain pigs is in agreement with Elizondo et al. (1976 Elizondo et al. ( , 1977a . Muscle from Pietrain pigs displayed less capacity to contract upon electrical stimulation, although breed differences were not statistically significant. Unfortunately, it was not feasible to obtain a muscle sample at death in this study. It is known that muscle samples rapidly become unresponsive to electrical stimulation postmortem (Ma et al., 1971 )-a factor which may have obscured breed effects in the present study. Delayed muscle sampling time may also have explained the lack of correlation between electrical stimulation parameters and blood CK, none of which was significant (data not presented). The finding that trapezius muscle exhibited higher pH, lower threshold and longer contractility duration than longissimus muscle reflects the more well-developed aerobic metabolism in the trapezius (Addis and Allen, 1969) . Color, morphology and marbling score (table 5) were close to normal for YXM(PxM) pigs whereas Pietrains were clearly lower in all three characteristics (P<~.01). These results were generally consistent with those of Elizondo et al. (1977a,b) .
Correlation coefficients calculated between blood CK and longissimus muscle pH (table 6) revealed that in Pietrains, only the blood sample obtained immediately after transportation was significantly correlated (P(.05); this sample plus sample obtained after restraintstress (immediately prior to death) were both significantly correlated with pH in Yx M(P• M) pigs. The results are consistent with Heffron and Mitchell (1975) with respect to influence of age, since the earliest (after exercise) sample obtained at 17 to 19 weeks of age was not significantly correlated to muscle pH. The results are interesting in that in all previous studies in this laboratory, no significant correlation coefficients have been noted between muscle properties and blood CK activity for Pietrain pigs on a within-breed basis, although such correlations have been shown to be significant generally for crossbred pigs and populations which include different breeds (Addis et a2., 1974; Elizondo et al., 1977a,b) . Improvements in bioluminescence methodology reported herein may account for the ability to predict rate of postmortem pH decline in a population of pigs in which the total variation in pH decline rate is quite small. Recently, Hwang (1976) has developed regression equations which can be used to correct for variations in storage time and conditions which may occur in CK screening. Thus, CK values from cards from various herds can be adjusted to a common basis. This regression should provide, together with the kinetic studies of Hwang (1976) and the methodology reported herein, a procedure with improved accuracy for screening of pigs for blood creatine kinase.
